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Introduction
The stepped distance relaying scheme is widely used for transmission line protection in power networks. Zone-3 in a relaying scheme is set to protect the largest line emanating from the remote end and its reach becomes large for long lines. During stressed condition, the apparent impedance trajectory may enter into zone-3 characteristic, leading to maloperation. The maloperation of zone-3 would result in swings and stressed conditions for adjacent lines, leading to cascaded tripping of transmission lines and power blackouts [1] [2] [3] [4] [5] . Two such blackouts occurred in the Indian power grid on 30 and 31 July 2012, resulting in outage of 38 GW and 48 GW consumer loads, respectively. These blackouts affected nearly 640 million people for two successive days [6] . Post-disturbance investigation confirmed that both blackouts were triggered by tripping of a line connecting the western and northern grid due to overloading. This trip resulted in power swings and stressed situations for other power lines in the system, resulting in line tripping subsequently. Disconnected regions of the grid collapsed due to the large imbalance between load and generation. The failure was described as 'the worst in a decade'. The disturbance report [6] revealed that monitoring and supervision of relays could have saved the power grid.
The techniques available to prevent zone-3 maloperation using local measurements have limited performance [1] . With the advent of wide-area measurement systems (WAMS), real-time calculations on transmission network condition is possible. A phasor measurement unit (PMU) sends time-synchronized data to a phasor data concentrator (PDC), which can provide a control signal to substation devices [7, 8] . The latency associated with the communication system makes WAMS suitable for a slower form of protection [9] . It is reported that blackouts could have been prevented by identifying the faulted line correctly (if any) using WAMS data and thereby avoiding the malfunctions of relays [10] .
Using WAMS data, techniques for identification of a faulted line and supervision of zone-3 relays are available in [11] [12] [13] [14] [15] [16] [17] . In [11] , the bus with minimum positive sequence voltage is identified to be the bus nearest to the fault and positive sequence current angles of lines emanating from the identified bus are compared to determine the faulted line. The method in [12] identifies the faulted line using the ratio of the local bus voltage calculated using remote end PMU data and the bus voltage measured by the local PMU. These methods [11, 12] require data from all buses in the system for application. If data from one or more PMUs are unavailable due to failure of the PMU or the communication link, these methods will find limitation. The method in [13] divides a system into smaller parts called protection correlation regions (PCRs). Steady-state differential currents are used to detect the faulted PCR and a fault correlation factor is calculated to identify the faulted branch. The faulted line identification from one end data may not give accurate results for faults towards the remote end of the line. In another method, the fault is considered as a current injection point and the location of current injection is estimated to identify the faulted line [14] . The methods in [13] [14] [15] [16] use data from a limited number of buses. However, these methods require data from all the buses to which loads and/or generators are connected. The WAMS-based adaptive protection in [15] also has a similar constraint. The method proposed has no such constraint for PMU data availability. A method is proposed in [17] which can be used in case data from buses having loads and/or generators are not available. However, this method is based on conventional distance protection logic and may fail for large infeed/outfeed conditions at non-PMU buses. Using WAMS as the platform, a faulted line identification method for zone-3 relay supervision is proposed in this work addressing the limitations of the available methods.
In this work, first using PMU data at a PDC, the faulted line is identified, followed by its application to zone-3 supervision. The voltage of a non-PMU bus is obtained from the average voltage calculated using measurements from PMU buses connected to it. Using the network topology, the currents at the non-PMU buses are calculated. These currents depend on the actual network topology at that instant. Line currents are also calculated using bus voltages and the system topology without considering faults. The currents calculated by the two approaches are compared and the lines having higher current difference are marked as a set called the faulted zone. For a fault in a line with a PMU at both ends, this zone contains only one line; but for a fault in a line with a PMU at one end or with no PMU at either end this zone contains more than one line. For such a case, an analytical method is developed to identify the correct faulted line. Identification of the faulted line can be used for supervision of zone-3 relays [11] . Loss of PMUs or communication failure leads to situations similar to lines with no or one end PMU information. For such a situation, the available methods with PMUs at all buses may fail to identify the correct faulted line. The proposed method finds application during such situations provided the proposed PMU placement strategy is satisfied. The method is tested for faults during normal and stressed conditions in a New England 39-bus system.
Proposed method
A typical WAMS architecture is shown in figure 1 . The PMUs installed at strategic locations measure voltage and current phasors, which are time synchronized using global positioning system (GPS) satellite signal. These PMUs transfer the recorded time-stamped data to a PDC for further processing. After calculations, the PDC generates a supervisory signal for relays in the proposed scheme. The relays to be provided with supervisory signals should be supported by communication or be connected through a PMU. In this work, a method is proposed for identification of the faulted line (if any) using synchrophasor data from minimum buses in the system and to initiate a supervisory signal for zone-3 relays. In a large power network (like the Indian power grid), the proposed method can be implemented with a local PDC observing a limited set of buses and connected lines that satisfy the latency constraint of synchrophasor data availability and transferring the supervisory signal to corresponding relays. Such supervision averts the malfunction of these relays during stressed system conditions and helps in preventing power blackouts.
The synchrophasor data measured at strategic PMU locations are used for the calculation of voltage and line currents of non-PMU buses by applying Kirchhoff's current law (KCL) in a network. These values are compared with the current values calculated using admittance matrix and bus voltage data to identify the faulted line. Such calculations are straightforward for a system with PMUs at all buses, but for a minimum number of PMUs further calculations are necessary. The New England 39-bus system with 10 generators and 46 branches shown in figure 2 is considered for the analysis of the proposed scheme.
(a) Phasor measurement unit placement strategy
The locations of PMUs are of significant importance for monitoring or any real-time application in a power system. Preference for a PMU at every bus in a system is an expensive option, and there is a need to reduce the redundant PMUs. A protection method using synchrophasor data deployed in a system must also be valid for loss of a PMU. The proposed method considers such a situation in the PMU placement strategy.
For a PMU bus, the bus voltage and all line currents emanating from the bus are known. For a line with PMU at one end, the voltage and current values of the non-PMU end of the line can be calculated. These calculations are based on the network topology. During fault in the line, these calculations are not valid. Thus, relying on such calculations from a single PMU would result in errors. As to the proposed scheme, every non-PMU bus has to be connected to at least three other buses, out of which at least two of these buses must be PMU buses for validating the calculated values.
Current injection in the form of generator or load and the emanating line currents are the unknown currents for a non-PMU bus. For a bus with k such unknown currents, k − 1 currents are to be calculated and the omitted current can be obtained by using KCL. The number of unknown currents at a non-PMU bus connected to p PMU buses must not exceed p + 2. For a series connection of non-PMU buses, the total number of current injections present along the connection must not exceed one. present at one of these buses then the other bus must be connected to at least three other buses in the system. A loop of m non-PMU buses has m connecting lines and these m line currents are unknown. Every bus in this loop has two unknown currents. In such a case, it is not possible to apply KCL to calculate any of these currents. Hence a loop of non-PMU buses must be avoided.
The rules stated above are summarized as follows:
-Every non-PMU bus has to be connected to at least three other buses, out of which at least two of these buses must be PMU buses. -The number of unknown currents at a non-PMU bus connected to p PMU buses must not exceed p + 2. -For a series connection of non-PMU buses, (i) the total number of current injections present along the connection must not exceed one; (ii) if current injection is present at one of these buses, then the adjacent non-PMU bus must be connected to at least three other buses in the system; and (iii) a loop of non-PMU buses must be avoided.
The algorithm for PMU placement considering the above-mentioned rules is as follows:
Step 1: Place a PMU at each bus connected to less than three buses in the system.
Step 2: Check whether all non-PMU buses are connected to at least two PMU buses. If yes, go to step 4.
Step 3: Find the non-PMU buses connected to least number of PMU buses. Place a PMU at one of these buses. Go to step 2.
Step 4: For a non-PMU bus, determine the number of unknown currents k at the bus and check whether it is connected to at least k − 2 PMU buses. If no, place a PMU at the bus. Check this for each non-PMU bus.
Step 5: If a non-PMU bus with current injection is connected to another non-PMU bus, check whether the second non-PMU bus is connected to at least three other buses in the system. If no, place a PMU at one of these buses. Repeat this for each non-PMU bus with current injection.
Step 6: For each series of non-PMU buses, identify the number of current injections along the series. If more than one injection is present, place a PMU at one of the buses with injection. Repeat this step till each series of non-PMU buses has only one injection.
Step 7: Check for loops of non-PMU buses. If a loop is found, place a PMU at one of the buses in the loop.
Bus selection in steps 3-6 would result in numerous solutions for the PMU placement algorithm. (b) System data and calculations (ii) Calculations for non-phasor measurement unit buses
For a C2 type line ij with PMU bus i, voltage of a bus j can be calculated as
where V i is the measured value of bus i voltage and I I ij is current of line ij measured at bus i. Using (2.1), the voltage of bus j is calculated from all the PMUs of C2 type lines connected to bus j. Voltage V j is then taken as the average of all these values obtained. While obtaining the line current I ji the voltages of bus i and bus j are required to account for the shunt currents. Using V j , the line current I ji is calculated as
Applying (2.1) and (2.2) to all C2 type lines, the non-PMU end line current is calculated. Now currents of C3 type lines are not known. Maximum two C3 type lines emanate from any non-PMU bus, thus maximum unknown currents at any bus in the system is 2. An iterative procedure is used for calculation of the currents of C3 type lines.
For this, line order l k is defined as the number of iterations by which its line current can be obtained starting from relevant PMU currents. The line order l k of any line depends on the network topology. Thus, l k could be calculated once and used unless there is a change in network topology. Consider a subsystem of the 39-bus power system shown in figure 3 . When the algorithm to obtain currents of C3 type lines is applied, the current of line 5-6 is obtained first, then using this value, the current of line 6-11 is obtained. Thus, the line order of line 5-6 and 6-11 is set to 2 and 3, respectively. Similarly line order of other C3 type lines can be determined. The line order of C3 type lines is shown in table 2.
The algorithm for calculation for C3 type line currents is as follows:
Step 1: Set m = 1 (for l k ).
Step 2: Determine the buses with one unknown current. Apply KCL at these buses to calculate the unknown current. Set the line order of the lines with currents calculated in this step to m. Step 3: For a non-PMU bus j with two unknown currents, if I ji is unknown, check whether I ij is known. If yes, use (2.2) to calculate current I ji . Repeat for all non-PMU buses with two unknown currents. 
Thus we can calculate the difference currents
During healthy condition of the system, [I I ] and [I V ] are equal. However, for a fault in line ij, I ij becomes significant. In the calculation, there may be errors associated with PMU measurements and available line parameters. To address such errors, a threshold ξ is set for I ij for fault identification. For a fault in C1 type line ij, both I ij and I ji are high while the rest of the elements of [ I] are less than ξ . When the fault is in a C2 or C3 type line, I ij will be high for more than one line. To identify the faulted line, we need following steps.
For nth bus, index FB n is defined as
where m is any bus connected to bus n. For a fault in C1 type line ij, FB i and FB j values will be high. During a fault in C2 or C3 type line, more than two FB n values become high. One of the lines connecting the buses with high FB n values is the faulted one. We define faulted zone (FZ) as the set of all lines connecting the buses with high FB n values from which the faulted line is to be selected. The procedure for identification of the faulted line in the set FZ is provided next.
(d) Faulted line identification
The faulted line identification (FLI) depends on the configuration of faulted line (C1, C2 or C3). For a fault in C1 type line, the FZ consists of only one line and therefore FLI is straightforward. Based on whether the fault is in C2 or C3 type line, the following steps are to be used for FLI.
(i) Fault zone consisting of C3 type lines only
This is a case when FZ provides only C3 type lines. For any series connection of non-PMU buses, the current of l k+1 order line is obtained using l k order line current. If the fault is in a C3 type line, the lines for which current was obtained using the current of this line are thus included in FZ. (ii) Fault zone consisting of C2 type lines To identify the faulted line, we need at least two elements in [M] for comparison. {P} must have at least three elements to accomplish this. If non-PMU bus i is connected to only two PMU buses, a non-PMU bus is chosen in {P} as follows: (i) If bus i has two non-PMU buses connected to it, as in figure 5a, then the non-PMU bus of the C3 type line with lower line order l k is included in {P}. In case both C3 type lines are of the same level, any one bus could be included in {P}. (ii) If bus i is an end bus of a series connection of non-PMU buses, as in figure 5b, then the non-PMU bus l connected to bus i is included in {P}. 
Results
The New England 39-bus system shown in figure 2 is used to test the proposed scheme during stressed conditions including faults in different lines. (ii) Fault case 2 Only the element M 5,7 corresponding to bus 7 is found to be high. Thus, line 6-7 is concluded to be faulted, which is correct. A trip signal is issued to zone-3 relays protecting line 6-7 at buses 5, 8, 11 and 31.
(iii) Fault case 3
Another fault case (a-phase-to-ground fault with fault resistance of 0.3 Ω) was simulated in a C2 type line 5-8. In In a system, tripping of one of the parallel lines leads to transfer of load to the sound line.
Owing to increase in current and decrease in relay bus voltage, the impedance trajectory seen by the distance relay may enter its zone-3 characteristic. The proposed scheme is tested for a load encroachment condition and for a fault during such a condition.
(i) Load encroachment to zone-3 of the relay at bus 10
The relay at bus 10 has to provide backup for line 6-11. To create load encroachment condition, line 10-11 is considered to be a double circuit line and load at bus 11 is increased. The generation at bus 32 is increased to supply the increase in load through line 10-11. At time t = 0.5 s, one of the two lines was tripped. This resulted in load encroachment to zone-3 element of the relay at bus 10. The impedance seen by the relay at bus 10 from time t = 0 s to t = 6 s is shown in figure 7a and I 6,11 during this period is shown in figure 7b . All the FB n values are found to be small. The proposed scheme does not detect load encroachment to be a faulted condition and issues a blocking signal to the zone-3 relay.
(ii) Fault in line 6-11 during load encroachment
During the above-mentioned load encroachment condition, a fault (a-phase-to-ground fault with fault resistance of 0.3 Ω) was simulated in line 6-11 at time t = 9 s. The impedance trajectory and I 6,11 for time t = 6 s to t = 12 s are shown in figure 8 . During load encroachment, the proposed scheme does not issue a trip signal. At t = 9 s sudden rise in I 6,11 is observed and the fault is detected. High FB n values are determined and FLI identifies line 6-11 to be faulted. A trip signal is issued to the backup relays of line 6-11 at buses 5, 7, 10, 12 and 31.
(c) Performance of the method during power swing
Sudden changes like line tripping, change in generation or load shedding lead to power swing in the system. Owing to the change in voltage angle and current magnitude, the relay seen impedance trajectory may enter zone-3. The proposed scheme is tested for a power swing condition and also for a fault during such condition.
(i) Zone-3 during power swing
A step change in generation at bus 32 at time t = 0.5 s results in power swing in the system. The impedance seen by relay at bus 10 from time t = 0 s to t = 6 s is shown in figure 9a . The impedance trajectory follows a curved path and enters zone-3 of the relay. The zone-3 relay would see this as a fault and issue a trip signal unless the condition is identified. I 6,11 during this period is shown in figure 9b . The FB n values for all the lines are found to be small. The proposed scheme identifies that the system is healthy and blocks the operation of relay at bus 10. (ii) Fault in line 6-11 during power swing
Power swing is simulated as above. At time t = 4 s a fault (a-phase-to-ground fault with fault resistance of 0.3 Ω) was simulated in line 6-11. Resulting impedance trajectory and I 6,11 for time t = 0 s to t = 6 s are shown in figure 10 . The impedance trajectory enters the zone-3 of relay but the proposed scheme identifies it to be a healthy condition and does not issue a trip decision. Impedance trajectory enters zone-3 of relay at time t = 4 s. An abrupt change in I 6,11 is observed. The high FB n values are identified and FLI identifies line 6-11 to be faulted. A trip signal is issued to the backup relays of line 6-11 at buses 5, 7, 10, 12 and 31.
(d) Performance of the method during infeed condition
The distance relay may underreach if there is an infeed in its zone of protection. In such a case, the relay may not detect a fault within its zone, leading to maloperation. For high-impedance faults during infeed, the relay seen impedance becomes higher. The proposed scheme is tested for a fault during such a condition. Figure 11a shows a subsystem of the 39-bus system. The generators at bus 30 supply power to bus 2. This leads to an infeed condition for the relay protecting line 1-2 at bus 1. At time t = 3 s, a fault is simulated at 95% of the line 2-25 from bus 2. Figure 11b shows the impedance trajectory seen by the relay at bus 1 from time t = 0 s to t = 6 s. Owing to infeed at bus 2, the relay at bus 1 is not able to identify a fault in its zone, as evident from the figure. I 2,25 during this period is shown in figure 11c . I 2,25 is low during pre-fault condition. On fault inception I 2,25 increases and the fault is detected. Further FB 2 and FB 25 values are found to be high. The proposed scheme identifies line 2-25 to be faulted and issues a trip signal to the backup relays of line 2-25 at buses 1, 3, 26, 30 and 37. The trip signal from the proposed scheme overrides the block signal of the local zone-3 relays to obtain correct decisions.
Discussion
The total execution time of the method comprises latency in data arrival, computation time for the proposed scheme and time to communicate the supervisory signal to corresponding relays. Time delay from PMU to PDC for a typical system will be in the 20-50 ms range. The computation time is verified in MATLAB 7.9.0 using an Intel i5, 2.5 GHz processor with 4 GB RAM, and it is found that the computation time is approximately 40 ms. With this, the total execution time of the proposed method for a system will be 100-130 ms. The zone-3 relay operation time is 1 s and thus the proposed scheme can be used for supervision of these relays. For a bigger power system, the proposed method can be implemented with local PDC observing limited buses and lines, which would not increase the computation time.
At times, PMU data may be unavailable due to communication failure or measurement errors. One of the main advantages of the method is application to a limited region of a system where PMU data requirement is satisfied (in case of loss of PMU data from nodes in the system). One such case of PMU data unavailability is shown in figure 12 . In the case shown, data are available These subsystems are marked (Region 1, bottom left, blue; Region 2, top right, brown; Region 3, bottom right, green) in figure 12 . The lines in the subsystems which satisfy the PMU data requirement for the method and can be supervised are listed in table 5. Thus, the method can still perform its supervision to the areas with suitable monitoring rather than failing entirely in the case of data unavailability from a few PMUs.
In new PMU installations (like for Indian power grid), the common trend is to deploy PMUs at all the buses [18] . Thus, the proposed method can be used directly for such systems. In case of loss of PMUs for such systems, the proposed method will still find application if the proposed PMU data requirement is satisfied. Thus, the method can be used for parts of systems in case of loss of PMUs. For such a system, the method has the advantage of application for scenarios when PMU data are lost due to communication failure or measurement errors. In the case of PMU data loss from one or more buses, these buses are like non-PMU buses and the method can be used in case the PMU data requirement is satisfied. As utilities are planning for PMUs at all their highvoltage buses, the advantage of application of the method when PMU data are lost is a high value addition by the proposed method compared with available methods. A contingency plan can be prepared for PMU data unavailability scenarios to maintain security of the system with available PMU data.
Unlike all the available methods for faulted line identification and zone-3 supervision, the proposed method does not necessarily require all load or generator buses to have PMU measurements. The PMU placement strategy is defined considering unavailability of data from some load/generator buses. In general, power systems will have some load or generation facility on most of its buses. In case such utility plans to use minimum PMUs, the advantage of no PMU requirement on load/generator buses will reduce the total number of PMUs for the system, thus provide an economical solution.
In a power system, a tie line connects two different areas of a power system. If a tie line trips, then these two areas run independently. If the tie line is C1 type, then the proposed scheme can be applied considering the modification of [Y] matrix of each area. Similarly for tripping of a C2 or C3 type tie line, the proposed method can be applied in parts of the system where the PMU requirement is satisfied.
Line-to-ground faults are the most common faults in the system and the ground resistance involved with such faults is the main cause for zone-3 maloperation. The results illustrated in the paper are for line-to-ground faults where there is a possibility of zone-3 maloperation. The proposed method can be used for any fault type. Results for other type of faults are given in the electronic supplementary material.
The proposed method is also tested for line-to-ground fault with different fault resistances, errors in Y matrix and noise in the voltage and current signals, and the results are provided in the electronic supplementary material. The proposed method is tested and found to work for fault resistance up to 100 Ω, white Gaussian noise up to 10% and up to 5% error in Y matrix. 
Conclusion
A method for supervision of zone-3 relays using synchrophasor data from strategic PMU locations has been proposed. The method identifies the faulted zone first and the faulted line in the next step. The measured values of currents and voltages from PMUs are used to calculate the currents and voltages of the non-PMU buses in the network. The current values obtained from the voltage measurements are compared with the currents obtained from direct measurements or derived from currents of other lines and the difference determines the faulted zone. An analytical method is developed in case more than one line is identified in the faulted zone. The proposed method has the following advantages over available methods in the literature: (i) it can be used with data from a limited number of PMU buses; (ii) it can be applied for systems in case data from load/generator buses are unavailable (subject to the required PMU placement strategy is satisfied); and (iii) it is not affected by infeed/outfeed from non-PMU buses. The performance of the proposed scheme in supervising zone-3 during load encroachment, power swing and infeed is verified. The proposed scheme provides correct results for lines with no PMU measurements at either side. The scheme gives good results also for faults close to non-PMU buses. The proposed method for zone-3 supervision is able to distinguish healthy condition from the faulted condition correctly using data from minimum PMU locations decided by the PMU placement strategy. With such a scheme, maloperation of relays can be averted and thereby blackouts/large-scale disturbances can be prevented.
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